> Wolf: Little pig, little pig, let me in, let me in.
>
> Pig: Not by the hair on my chinny chin chin!
>
> Wolf: Then I'll huff and I'll puff and I'll blow your house in.
>
> ---The Story of the Three Little Pigs.

Living in the wolf's lair: Should the world be worried about the threat of artemisinin resistance emerging in Southeast Asia? {#sec001}
=============================================================================================================================

To fully understand the controversy, one must look back at the history of malaria drug resistance. In the last century alone, we saw the rise and fall of several antimalarial compounds \[[@ppat.1006923.ref003], [@ppat.1006923.ref004]\]. Malaria parasites infect approximately 200 million people worldwide every year, and the only tool for treatment is a small arsenal of antimalarial drugs \[[@ppat.1006923.ref005]\]. The pivotal losses of two key drugs (chloroquine and pyrimethamine) during the last few decades have led to millions of deaths \[[@ppat.1006923.ref006]\]. Parasites from Southeast Asia acquired resistant mutations, rendering chloroquine and pyrimethamine useless, and these alleles have spread to Africa, causing a devastating increase in malaria mortality, especially from multidrug-resistant *Plasmodium falciparum* \[[@ppat.1006923.ref007], [@ppat.1006923.ref008]\]. The resistant alleles originate from parasite populations at the border between Thailand and Cambodia, the epicenter of malaria drug resistance, where parasites are prone to develop drug resistance \[[@ppat.1006923.ref009]\]. Cultured parasite lines from Southeast Asia are often used as strains of choice for long-term in vitro drug-selection experiments due to their adaptability to drug pressure \[[@ppat.1006923.ref010]\]. Even though the underlying mechanism is not clear, their genetic makeups allow them to evolve compensatory mechanism(s) to offset the loss of fitness incurred by deleterious drug-resistant mutations, as demonstrated in the situation of pyrimethamine resistance \[[@ppat.1006923.ref011]--[@ppat.1006923.ref013]\].

After the loss of chloroquine and pyrimethamine, what is at stake now is a new "miracle" drug in the form of artemisinin. Its discovery began during the Vietnam War by a Chinese research team commissioned to find new antimalarial regimens \[[@ppat.1006923.ref014]\]. The fast parasite clearance action of artemisinin is unparalleled since it is the only drug that can kill every asexual red blood cell stage \[[@ppat.1006923.ref014]\]. Implementation of artemisinin has turned the tide in the fight against malaria, resulting in a significant drop in malaria mortality \[[@ppat.1006923.ref015]\]. Based on the history and the known origin of malaria drug resistance, Cambodia has become a sentinel site for monitoring emerging artemisinin resistance \[[@ppat.1006923.ref016], [@ppat.1006923.ref017]\]. There is now a large body of data tracking the time taken to clear parasites from malaria patients treated with artemisinin. A trend showing delayed clearance time by hours has become more pronounced in recent years \[[@ppat.1006923.ref017], [@ppat.1006923.ref018]\]. It is important to note that the drug can still kill parasites, but it takes longer to achieve clearance. This change in artemisinin susceptibility does not fit a conventional definition of drug resistance because treatment failure by the recommended drug regimen and dosage has not yet been observed. The term "resistance" would fit in the sense that the number of parasites killed by artemisinin is reduced. Even though parasites with delayed clearance time following artemisinin treatment have now been detected throughout Cambodia and parts of Thailand, the use of the term "artemisinin resistance" to describe them is understandably controversial.

The malaria research community has sought potential molecular markers to monitor the artemisinin resistance situation. The use of such markers in simple and rapid molecular tests would widen the scope of resistance monitoring, which is currently limited to sites where elaborate clinical observation can be conducted. Genetic changes at the *kelch 13* gene have been recognized by several research laboratories as a marker for reduced artemisinin susceptibility \[[@ppat.1006923.ref019], [@ppat.1006923.ref020]\]. Certain *kelch 13* alleles are associated with the decline in clinical efficiency of the artemisinin-based regimen \[[@ppat.1006923.ref021]\]. The association between *kelch 13* mutant alleles and reduced artemisinin susceptibility has been proven experimentally by an in vitro laboratory assay in combination with transgenic parasite lines \[[@ppat.1006923.ref022]\]. However, the study of emerging artemisinin resistance is not straightforward, since the increase in the half-maximal inhibitory concentration (IC~50~), a standard measurement of drug sensitivity, is small \[[@ppat.1006923.ref023]\]. A robust drug resistance could increase the IC~50~ level by at least 2 orders of magnitude, but the shift in artemisinin sensitivity from field isolates obtained from patients with delayed clearance is minuscule (2- to 3-fold) \[[@ppat.1006923.ref023]\]. This is consistent with the absence of any report of complete treatment failure, but makes any association study experimentally difficult. An alternative method for measuring artemisinin sensitivity relies on determining the number of surviving parasites after exposure to a short pulse of artemisinin \[[@ppat.1006923.ref024]\]. This kind of survival assay was shown to be correlated with delayed clearance and was implemented to show a functional association between reduced artemisinin susceptibility and certain *kelch 13* mutations \[[@ppat.1006923.ref022]\]. The survival assay and molecular tests for *kelch 13* mutations are being used as the tools to herald the crisis of artemisinin resistance with the same ardency as chloroquine and pyrimethamine resistance. Nevertheless, for clinicians in the field, artemisinin-based combination therapies are still the drug regimen of choice for treating *P*. *falciparum* malaria, even in the areas where parasites show reduced artemisinin susceptibility. A sensational warning of the looming global threat from artemisinin resistance was perceived as a scaremongering tactic by many others, leading to the comparison of artemisinin resistance to the fable of "The Boy Who Cried Wolf" \[[@ppat.1006923.ref006], [@ppat.1006923.ref025]--[@ppat.1006923.ref028]\].

When all the clarion calls are damped down, the emergence of *P*. *falciparum* parasites demonstrating reduced artemisinin susceptibility (albeit small at present) is an incontrovertible (even if inconvenient) fact. The well-known moral lesson of "The Boy Who Cried Wolf" is for teaching children not to misrepresent the truth. However, the wolf did eventually show up when everyone ignored the threat. In this case, the wolf is full-blown artemisinin resistance capable of surviving existing artemisinin treatment regimens. It is undeniable that more and more parasites in Southeast Asia have become less sensitive to artemisinin \[[@ppat.1006923.ref018]\]. The rise in recrudescence (return of malaria parasites after treatment within 28--42 days) has become noticeable, which could be the result of either incomplete clearance by artemisinin or the failure of partner drugs---or perhaps both \[[@ppat.1006923.ref029]\]. Another troubling fact is that the loss of artemisinin susceptibility has emerged at the epicenter of malaria multidrug resistance. If malaria drug resistance is compared to a wolf, the area at the border between Cambodia and Thailand could be considered a wolf's lair packed with the parasites conferring resistance to almost every clinically implemented antimalarial drug. Parasite populations in this location have a strong propensity to develop resistance, and complete artemisinin resistance will be a deadly addition to their ability to withstand several antimalarial drug regimens. With all things considered, the question is not whether the wolf exists, but how big of a threat it poses.

What is the proportional response to a lurking wolf? Here come three little pigs {#sec002}
================================================================================

The year 2017 was an eventful one in malaria drug resistance research, with two key new findings related to a partner drug of artemisinin. In general, artemisinin is not administered alone since it has a short half-life, leaving remnant surviving parasites to propagate and develop resistance \[[@ppat.1006923.ref014]\]. Artemisinin derivatives are paired with matching antimalarial partners, and the two widely used regimens in Southeast Asia are artesunate-mefloquine and dihydroartemisinin-piperaquine \[[@ppat.1006923.ref030]\]. In Cambodia, parasites were found to return after dihydroartemisinin-piperaquine treatment \[[@ppat.1006923.ref031], [@ppat.1006923.ref032]\]. Two reports identified copy number polymorphism of a gene encoding one of the hemoglobin protease enzymes as a genetic marker for piperaquine resistance \[[@ppat.1006923.ref033], [@ppat.1006923.ref034]\]. Since these findings were published, it has been observed that parasites containing a unique combination of the molecular marker alleles for artemisinin and piperaquine resistance have spread at the border areas between Cambodia and Thailand \[[@ppat.1006923.ref002], [@ppat.1006923.ref035]\]. The parasite population with the combination of a C580Y *kelch 13* mutation and a hemoglobin protease copy number polymorphism has predominated Cambodia at an alarming rate. This is portrayed as a catastrophic event with a dangerous strain sweeping through the provinces on both sides of the Thai--Cambodian border. Nevertheless, there is no indication that artemisinin resistance has reached the level of treatment failure. The World Health Organization issued a statement to assure the public that the health community can still treat malaria patients with the currently available drugs \[[@ppat.1006923.ref036]\]. Heated exchanges among malaria researchers have provoked a renewed comparison to "The Boy Who Cried Wolf" \[[@ppat.1006923.ref026]\].

A better and perhaps more productive analogy is that of "The Three Little Pigs." The three piglets in the story built their homes using different materials. Each piglet strategizes its investment in the choice of building material. When the wolf attacks, the houses built from straw and wood are annihilated. Only the brick house could withstand the attack. With the benefit of hindsight, the choice of building a brick house is appropriate for combating the wolf, but the investment is greater than that of the other two types of material. The same thing could be said about withstanding the threat from emerging parasites with reduced artemisinin sensitivity. If the level of resistance is not increased, the current regimens with artemisinin derivatives will be sufficient to control the malaria situation in Southeast Asia. It would not require a large investment, comparable to building a house from straw. However, there is no guarantee that the situation will not get worse, and it might now be the time to build a better and sturdier house.

Malaria drug discovery, though requiring considerably more time and resources, could be a solution to emerging artemisinin resistance. The simplest and most straightforward solution is to introduce a third clinically available drug into the existing artemisinin combination therapy. Clinical trials of triple combinations, dihydroartemisinin + piperaquine + mefloquine and artemether + lumefantrine + amodiaquine, are ongoing to study their efficacy and to determine how well malaria patients could tolerate the triple regimen \[[@ppat.1006923.ref037], [@ppat.1006923.ref038]\]. If a safe triple regimen is developed, it should slow down the emergence of artemisinin-resistant parasites. However, this is likely to be a short-term solution. The ideal solution, equivalent to a brick house, is to develop novel compounds that directly combat the threat of emerging artemisinin resistance. The drug candidates for combating artemisinin resistance could be either (i) a replacement for artemisinin or (ii) an artemisinin activity booster ([Fig 1](#ppat.1006923.g001){ref-type="fig"}).

![List of compounds that can be used against artemisinin-resistant parasites.](ppat.1006923.g001){#ppat.1006923.g001}

In case (i), a compound must be able to target every pathogenic red blood cell stage. To mimic the success of artemisinin, a collection of compounds with an endoperoxide bridge---a chemical moiety responsible for the antimalarial activity of artemisinin---was explored, resulting in the discovery of the antimalarial activity of 1,2,4-trioxolane \[[@ppat.1006923.ref039]\]. At present, artefenomel (OZ439), a trioxolane compound with improved pharmacokinetic properties, is in Phase IIb of the drug development pipeline \[[@ppat.1006923.ref040]\]. A shift in artefenomel sensitivity was not observed in the parasites with reduced artemisinin susceptibility \[[@ppat.1006923.ref041]\]. Another excellent alternative is SJ733. It is fast-acting, even more effective than artemisinin in parasite reduction, and is capable of killing ring-stage parasites, a property shared only with artemisinin among current drugs \[[@ppat.1006923.ref042]\]. Moreover, SJ733 targets a parasite transporter protein with a novel mode of action distinct from other drugs \[[@ppat.1006923.ref042]\]. Although still in the early stage of clinical development, SJ733 has shown great potential. These two new drug candidates are presented as potential replacements for artemisinin because of their ability to quickly clear the parasite load. This property is essential in the treatment of severe malaria patients whose bodies are flooded with infected red blood cells at the time of hospitalization.

Another important, but largely unexplored, property is that of compounds that can enhance the killing activity of artemisinin, especially against parasites with reduced susceptibility to artemisinin. At present, the mechanism underlying decreased artemisinin susceptibility is not fully understood, but factors with functions in protein homeostasis are genetically associated with the shift in artemisinin sensitivity \[[@ppat.1006923.ref043], [@ppat.1006923.ref044]\]. Hence, known proteasome inhibitors were tested against parasites with reduced artemisinin susceptibility and found to improve the killing activity of artemisinin \[[@ppat.1006923.ref045]\]. To improve compound specificity and reduce host toxicity, analogues of peptides specifically targeted by the *P*. *falciparum* proteasome were developed \[[@ppat.1006923.ref046]\]. These analogues can synergize with artemisinin and partially improve its activity \[[@ppat.1006923.ref046]\]. These artemisinin booster compounds are still in the early stage of development, but they have already shown great potential. Since artemisinin is a precious life-saving drug, developing a booster compound might be a better strategy than finding a replacement.

Concluding remarks {#sec003}
==================

Currently, the threat from artemisinin resistance is growing as parasites containing specific resistant alleles are spreading. It is not possible to predict whether the reduction in the level of drug sensitivity will rise to the level of artemisinin treatment failure. The absence of full-blown artemisinin resistance is in line with the hypothesis that a highly reactive heme-activated artemisinin targets multiple proteins, as shown in two independent proteomic studies \[[@ppat.1006923.ref047], [@ppat.1006923.ref048]\]. The gain of mutations affecting a particular target of artemisinin alone is unlikely to completely abrogate the antimalarial activity of artemisinin. Nevertheless, the malaria research community once mistook the efficacy of chloroquine for ultimate success in the fight against malaria \[[@ppat.1006923.ref049]\]. When chloroquine resistance appeared, the damage to malaria-control efforts was devastating \[[@ppat.1006923.ref008]\]. Possible strategies to contain the problem of reduced artemisinin susceptibility range from testing new drug regimens consisting of multiple combinations of existing antimalarial drugs to an ambitious elimination program to get rid of malaria parasites in Southeast Asia. A drug discovery project to either find compounds that can work as effectively as artemisinin or even to improve the antimalarial activity of artemisinin will be a large investment in time and resources. However, until the nature of the threat is fully appreciated, having the strongest brick house could save lives in the long run.
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